tion of 5-bromouracil and 5-iodouradil into deoxyribonucleic acid (DNA) has been independently established by British and American investigators (Dunn and Smith, 1954; Griboff, 1954a, 1954b; Zamenhof, 1954) . These halogenated pyrimidines are structural analogues of thymine and are known to compete with thymine and to inhibit the growth of Lactobacilus casei (Hitchings et al., 1945) . When special strains of Escherichia coli were grown on 5-bromouracil, a considerable portion of thymine in the highly polymerized DNA of these eells was replaced by 5-bromouracil. Also, 5-iodouracil could be incorporated but to a lesser degree.
This study has recently been extended (Zamenhof et al., 1956a) and 5-chlorouradil (but not 2-thiothymine or uracil) has been introduced into DNA; the extent of introduction in relation to the halogen substituent and strains used has been determined. Finally, the introduction of 5-bromouracil into DNA of non-dividing cells has been studied.
The present paper deals mainly with the following problems: (1) Can the DNA containing such halogenated pyrimidines still undergo reproduction? (2) What are the effects of such halogenated DNA components on the phenotype and the genotype of the cell?
MATERIALS AND METHODS SRAINS. The strains used in this study were Strains I and II described previously (Zamenhof and Griboff, 1954b it requires thymine for growth on a synthetie medium. Strain II is one of the "back-mutants" (of strain I) to complete thymine independence.
Strain I/Br ("5-bromouracil resistant") was isolated from a papilla on a colony of Strain I grown on nutrient agar containing 100 ,ug 5-bromouracil per ml. Strain I/TT ("2-thiothymine resistant") was isolated from a papilla on a colony of Strain I grown on nutrient agar contning 200 ,ug 2-thiothymine per ml. Strain B (wild) was used as host in T-series phage experiments. Strain W (wild), was from Amer. Type Culture Collection No. 9637. CuvrTuis. Strains I, II, B and W were main- tained by daily transfer into nutrient broth (Difco). Strains I/Br and I/TT were maintained by daily transfer into "basal broth" (Roepke et al., 1944) containing 50 ,ag 5-bromouracil per ml (Strain I/Br) or 800 ,g 2-thiothymine per ml (Strain I/TT).
The study of growth promotion and growth inhibition was performed in basal broth.
The "enriched medium," referred to further (Zamenhof et al., 1956a) , 1300 ml of the enriched medium were incubated as mentioned above. 10 ml of the 18-hr-old stock culture served as inoculum.
Viable ceU count was performed on poured and on streaked nutrient agar plates. (Schneider, 1945; Zamenhof et al., 1953) ; the value so obtained was then divided by the total number of cells in this volume (counting double non-separated cells as two).
Other (special) methods are described under appropriate headings.
THE REPRODUCTION OF DNA CONTAINING UN-NATURAL PYRIMIDINEs. The inhibition and the introduction of 5-bromouracil. The correlation between the growth inhibition by 5-bromouracil (in the presence of l,Mg thymine per ml), and the amount of introduction of 5-bromouracil into DNA (Zamenhof et al., 1956a ) is represented in table 1. It will be seen that the strain which is more inhibited by 5-bromouracil will also introduce more of this compound (i.e., replace more thymine by 5-bromouracil in the DNA). However, this correlation does not always follow for a strain grown in different conditions. When the Strain I was grown on non-enriched medium (considerable inhibition by 100,Mg 5-bromouracil per ml) the amount of introduction was only 18 to 28 per cent (Zamenhof and Griboff, 1954a) ; when it was grown on enriched medium with aeration (practically no inhibition2 by 100 g 5-bromouracil per ml) the amount of introduction was 48 per cent (Zamenhof et al., 1956a) ; when the amount of 5-bromouracil in the enriched medium was increased to 1 mg per ml, 99 per cent cells died in 7 hr, yet no 5-bromouracil was found in the DNA.
In general, it should be concluded that the growth inhibition by an unnatural base does not imply introduction into DNA, and vice ver8a. Even wild Strain B, which is not inhibited at all, shows some incorporation of 5-bromouracil; on the other hand, when cells were grown on enriched medium containing 500 ,g 2-thiothymine (per ml), which is in this concentration almost as inhibitory as 5-bromouracil (Zamenhof and Griboff, 1954b) , no 2-thiothymine could be detected in the DNA (Zamenhof et al., 1956a ; compare also Dunn and Smith, 1955) .
A certain correlation between the amount of introduction and thymine requirement of the strain has been established. Strain (table 1) ; correspondingly, the replacement of 2This lack of inhibition and a good introduction of 5-bromouracil may be due to larger amounts of thymidine in the enriched medium; in the presence of this nucleoside, the 5-bromouracil does not inhibit growth (Zamenhof and Griboff, 1954b) . (Zamenhof et al., 1956a) , but also in a slight loss of viability, as compared with the culture in which 5-bromouracil is absent or replaced by 2-thiothymine (table 2) ; however, the great majority of the cells resume divisions when placed on a 5-bromouracil-free medium (viability test); in these conditions, 5-bromouradil is again replaced by thymine (as discussed further on).
The infectivity of bacteriophage particles containing 5-bromouracil or 5-iodouracil has been studied by Dunn and Smith (1954) . According to these authors it seems likely that particles containing these halogenated pyrimidines are infective but that the probability of successful infection by a virus particle decreases with increasing incorporation of the analogue.
The above explanation is offered merely as a working hypothesis; more direct proof that a single dividing cell may contain 5-bromouracil in its DNA cannot be offered at present. (Zamenhof et al., 1953 It must be pointed out that when a small inoculum of cells containing 5-bromouracil in DNA is put on a medium containing no 5-bromouracil, the thymine in the medium again replaces 5-bromouracil when the cells reproduce and the supply of 5-bromouracil in the cells has been exhausted. This is obvious for the synthetic medium which does not contain bromine; but even if the nutrient medium should contain traces of bromine, the cell is unlikely to carry an enzyme to brominate uracil in the 5 position.
Genotype changes. If the DNA is a heredity determinant (for a recent discussion, see Zamenhof, 1956) then the changes in its structure, if permanent and reproducible, may be called a mutation. As shown above, the introduction of 5-bromouracil is not a mutation because it is not permanent: the structural change disappears upon removal of the environmental cause of the change (5-bromouracil).6 'It could, however, be argued that, irrespective of nomenclature, the facts indicate that the structural changes in this heredity determinant (appearance or disappearance of 5-bromouracil in DNA) are merely a function of the environment.
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However, as mentioned above, a typical stable" mutant Strain I/Br (5-bromouracil "resistant") was isolated in the conditions in which in Strain I 5-bromouracil was being introduced into DNA. This mutant has now been investigated to establish whether its appearance is caused by such introduction of 5-bromouracil into DNA.
It will first be seen (table 1) that the introduction of 5-bromouracil into DNA of this strain is not higher but lower than in the case with nonresistant Strain I. Thus, higher resistance to 5-bromouracil of Strain I/Br does not seem to be correlated with the fact that this compound now forms part of the DNA molecule and therefore is less "unnatural."
It was of interest to see whether resistance to halogenated pyrimidines can be demonstrated also in cases where the pyrimidine is not introduced into DNA. 2-Thiothymine seems to be non-introducible into DNA of E. coli (Dunn and Smith, 1955; Zamenhof et al., 1956a ). Yet, as mentioned above (description of strains), Strain I/TT resistant to 2-thiothymine has been isolated. Strain I/TT is resistant also to 5-bromouracil (25 to 50 Mug per ml); Strain I/Br is resistant also to 2-thiothymine (200 jig per ml) (however, the statement that the two strains are identical cannot be made at the present moment).
Thus it appears that the resistance to halogenated pyrimidine is not correlated with its introduction into DNA. The nature of resistance is not well understood: it may have relation to the production of large capsule (mucoid colonies) by these strains. It must, however, be pointed out that the permeability (for thymine) does not seem to be reduced, since Strain I/Br can grow on even less thymine than Strain I (table 1) .
It seemed of interest to study whether the mutation to 5-bromouracil resistance is a spontaneous one, what the mutation rate is, and whether it can be increased by the presence of 5-bromouracil. These studies were facilitated by the fact that, when Strains I and I/Br are grown together, the proportion of I/Br celLs neither decreases very considerably in the absence of 5-bromouracil nor does it increase in the presence of 100 pAg 5-bromouracil per ml (table 3).
6 "Back-mutants" to 5-bromouracil-sensitivity can be isolated from Strain I/Br grown on enriched medium without 5-bromouracil. They can form normal size or small colonies, smooth or rough.
A fluctuation test (Luria and Delbriick, 1943) was made on a series of 9 individual cultures (1 ml each, approx. 2.7 X 109 cells) and a series of 9 samples from one culture (10 ml). Each culture (enriched medium, aeration by shaking) was centrifuged, washed, resuspended in 0.1 ml saline and streaked on basal agar containing 25 Ag 5-bromouracil per ml. A detailed study similar to that reported by Ryan (1952) has shown that the colonies appearing within 24 hr represent mutants which were present in original cultures; any mutants resulting from the background (faint) growth on the agar itself appeared only after 48 hr and were disregarded.
The results are represented in Braun, 1953) . It is realized that all these estimates may be too low (Kraft and Braun, 1955 weere first described by Roepke and 'Mercer (1947) in their thymine-deficient strain from which Strain I was isolate(d (Zamenhof and Griboff, l 954b). Roepke and AMercer noticed that such elongation does not occul for strains deficient in other nitrogenous bases. This phenomenon of elongation ANas also studied by Jeener and Jeener (1952) in Thermobacteriurn acidophiluts R 26, which requires both thymidine and uracil foI growth. These authors have shown that, while the omission of uracil merely inhibits growth without chlanging cell morphology, the omission of thymidine results in elongated cells in whichl the ratio of cytoplasm to "nucleoids" is 35 to 40 times greater than that in normal cells. The addition of a thymidine source (DNA) is followed by a rapid increase in the number of "nucleoids" ancd by cell (livision. The authors conclude that in such elongated cells only the DNA synthesis is impaired, whereas the RNA and protein synthesis still goes on.
Similar conclusions have been reache(d by Barner (1954, 1955) in their thorough might have undergone a change: it has recently been reported that in the DNA of these cells the 6-methy-laminopurine partially replaces thymine (Dunn and Smith, 1955) . This purine is reported to be present in a small amount also in DNA of cells growii on normal medlium and therefore it might be more persistent in DNA than 5-bromouracil wheni the cells are trainsferred from a(dverse to a noirmal medium. Length of cytoplasm devoid and elegant study of another thymine-requiring mutant of E. coli. These authors also studied the elongation of cells in the complete absence of thymine, and concluded that the resulting unbalanced growth of the cytoplasm leads to the irreversible loss of power to multiply, i.e., that this organism "adapts to die."
5.t-
In the present study the cells did not lose their power to multiply. A 7-hr culture containing 98 per cent of greatly elongated cells (either because of limited amount of thymine or because of the presence of 5-bromouracil) had over 90 per cent viability. When such greatly elongated cells were deposited on normal nutrient agar and observed through a microscope, they were found to continue to elongate and eventually to divide in the center or nearer the ends to give rise to two or three greatly elongated cells. After normal incubation they gave rise to normal-sized colonies still containing 10 per cent of elongated cells. After one more transfer on normal nutrient agar 2 per cent of elongated cells could still be found. The unchanged proportion of greatly elongated cells can be maintained indefinitely by transfers into a synthetic medium containing 0.2 ,ug of thymine per ml every 7 hr. However, when left for further incubation in this medium or in the enriched medium containing 100 Ag of 5-bromouracil per ml, the proportion of elongated cells at 24 hr becomes less than one tenth of the proportion at 7 hr; this clearly indicates that the change from elongated back to normal cells is not a typical rare mutation, because no selection of a hypothetical "back mutant" could have taken place: in the enriched medium containing 100 ,ug of 5-bromouracil per ml the number of cells at 7 hr (2.57 X 109 per ml) was practically the same as at 24 hr (2.52 X 109 per ml). The change (breaking into normal cells) could perhaps be called "de-adaptation" or rather "adaptation to normal conditions." However, as mentioned above, some cells remain elongated even after two transfers on normal nutrient agar (approximately 60 generations); it might be, therefore, that the "persistent modification" into elongated cells is a different phenomenon (of a cytoplasmic nature?) (compare Spray and Lodge, 1943) .
When elongated cells obtained by growing strain I for 7 hr in basal broth containing 0.2 ,ug of thymine per ml were stained by the Robinow method (Giemsa-HCl) (Robinow, 1944) , they were found to contain fewer "nuclear bodies" per unit length than the normal cells. The average and the maximal dimensions and numbers of nuclei are represented in table 5 (medium B). It can be seen that although the average volume of the cell is 3 times higher than that of the average "normal" cell of this age (medium A), the average number of nuclei is only 1.5 times higher. The DNA content per one elongated cell ( The pinpoint colonies as described above are probably not related to small colonies known to arise as a result of a "suppressor" mutation in E. coli (Demerec et al., 1954) . However, mutants similar to the latter were also encountered: they can be isolated from papillae on faint colonies of Strain I grown on normal agar containing 100 ,ug of 5-bromouracil per ml (Zamenhof and Griboff, 1954b) . Such cells were 5-bromouracil-resistant but mutated back to 5-bromouracil-sensitivity;6 however, the change from small back to normal size has not been observed.
At present it cannot be said whether the pinpoint colonies described in this work are related to the cytoplasmic change described in yeast by Ephrussi and Hottinguer (1951) , or to the change described in E. coli by Weed and Longfellow (1954) .
DISCUSSION
In summarizing all the above findings one can say that cells containing 5-bromouracil in their DNA still seem capable of dividing and that thus far this drastic change in heredity determinants does not result in any detectable typical mutation. It may be recalled that the substitution of hydrogen by deuterium in Drosophila genes also did not result in an increased mutation rate (Zamenhof and Demerec, 1943) ; the substitution of active hydrogen atoms by deuterium in DNA having transforming activity also did not result in any inactivation of the transforming principle (Zamenhof and Leidy, unpublished experiments) . It may be that certain seemingly drastic changes in the molecule of the heredity determinant do not affect its function. On the other hand, the changes affecting less than 0.2 per cent of amino groups in the DNA molecule result in total inactivation (Zamenhof et al., 1953) .
It must be pointed out that, despite unchanged function, the DNA molecules on reproduction must not produce true duplicates of themselves since they may replace their thymine by 5-bro-mouracil and vice versa. The evidence of changes in DNA molecules on reproduction has also been obtained in the study of transforming principle (Zamenhof et al., 1956b) .
The adverse conditions (limited DNA synthesis) and/or replacement of thymine by an unusual base, and vice versa, give rise to certain modifications (elongated cells, pinpoint colonies) which thus far cannot be called typical mutations, yet appear too persistent to be classified as adaptations or deadaptations. It is still conceivable that this persistence is related to the persistence of an unusual base in DNA8 thus representing a new (genetical?) phenomenon. The study of these changes is being continued.
SUMMARY
Study of Escherichia coli containing 5-bromouracil in its deoxyribonucleic acid (DNA) suggests that the organism is capable of reproduction and contains an unchanged amount of DNA. The replacement of thymine by 5-bromouracil and vice versa need not be accompanied by changes in phenotype or by typical mutations. However, these and other adverse conditions may produce modifications (greatly elongated cells poor in DNA, pinpoint colonies) which persist on normal media and as yet defy classification.
